Background -To date there is no efficient diagnostic strategy available for the assessment of plaque stability. The present work proposes a computational methodology to identify high-risk plaques. The proposed model considers eight major tissue components and allows three-dimensional mechanical analyses of plaque stability subject to various factors such as blood pressure and mechanical properties of tissue components. Methods and Results -Morphology of an eccentric low-grade lesion was determined by means of multi-phasic and highresolution magnetic resonance imaging on a 1.5 T whole body system and corresponding histological analyses. Nonlinear anisotropic material models were fitted to experimental data obtained from tensile tests of isolated tissue components. Stress distributions in the lesion were computed using nonlinear finite element analyses. Based on the particular low-grade lesion, the effects of elevated blood pressure were studied, and, additionally, the potential effects of changes in the lipid pool stiffness and the media stiffness, that can be controlled by drug treatment, investigated. Intimal stress distributions are strongly influenced by non-intimal components, and hence suitable modeling of non-intimal and intimal components is equally important. A meaningful stability assessment of individual lesions requires three-dimensional approaches. Conclusions -Realistic three-dimensional "morpho-mechanical" modeling of atherosclerotic lesions provide information and insights important for the assessment and understanding of plaque stability and related drug effects. This information can not be obtained by entirely morphological approaches.
Introduction
There is general agreement that the majority of acute cardiovascular syndromes is caused by vulnerable plaques. Hence, identification of vulnerable plaques is considered a primary objective of vascular diagnostics. Earlier studies showed that plaque cap thickness and lipid core size [3, 19, 25] are essential determinants of plaque stability. Considering the rapid developments in arterial wall imaging, based mainly on magnetic resonance (MR) imaging (for a review see, for example, [5] ) and intravascular ultrasound [8] , detection of these micromorphological characteristics appears to be a promising diagnostic strategy. Yet, restriction to morphological criteria is not an approach likely to provide a highly predictive basis for the diagnosis of vulnerable plaques. The reason for this is that, in general, it is impossible to assess the stability of a structure solely by considering its geometry. Stability analysis requires additional information of mechanical loads applied, mechanical properties of involved materials, and the associated mechanical stresses occurring in the structural components.
Previous mechanical studies [3, 19, 25] have demonstrated the coincidence of plaque rupture sites and regions of circumferential stress concentrations. These landmark studies supported the intuitive hypothesis that the acute process of plaque fracture is caused by high mechanical stresses, which exceed the ultimate tensile strength of the fibrous cap. Consequently, computational mechanics may provide significant contributions for the understanding, identification and treatment of vulnerable plaques. Previous studies, however, utilized simplified modeling approaches based on two-dimensional model plaques. The layered structure of diseased arteries was ignored more or less, and the mechanical behaviors of the considered materials were assumed to be linearly isotropic, which is inconsistent with histology and vascular mechanics [15] . Moreover, the numerical methods employed so far, i.e. mainly linear finite element methods for plane stress states, may also be questionable, in particular, when the blood pressure varies within ranges for which linear theories are not appropriate anymore. Spontaneous hypertension may change the blood pressure from 70 mmHg systole to over 200 mmHg diastole causing a nonlinear stress-strain response in the wall with a typical (exponential) stiffening effect at higher pressures. For supraphysiological loading conditions the simplified models do not yield reliable quantitative results, as documented in [11] . They are restricted to general and rather intuitive insights.
According to [13] the objective of the present work is to design realistic three-dimensional (3D) "morpho-mechanical" models of diseased arteries, which are based on (i) high-resolution MR imaging of human atherosclerotic lesions and (ii) mechanical testing of their isolated tissue components, and to present a computational methodology to identify high-risk plaques. Nonlinear finite element methods are used for the analysis of plaque mechanics. The potential of the proposed approach for the assessment of plaque stability is demonstrated by means of "computational case studies" for one human diseased artery. The present approach allows detailed studies of the mechanical effects of blood pressure elevations and variations of the stiffness of the individual plaque components on the mechanical behavior of the atherosclerotic lesion.
Method

Specimen
An iliac artery was excised from a human cadaver (68 years, male) during autopsy within 24 hours from death. After removal of loose connective tissue the vessel was placed in 0.9% NaCl solution at room temperature. The ratio of in situ length to ex situ length, which is known as the axial in situ stretch, was measured to be 1.04. Use of autopsy material from human subjects was approved by the Ethics Committee, Medical University Graz, Austria.
High-Resolution Magnetic Resonance Imaging and Histology
Immediately after excision a diseased segment of the vessel was scanned with a 1.5 T whole body magnetic resonance system (Philips ACS-NT, maximum gradient strength = 23 mT) in 0.9% NaCl solution at 37°C≤1°C. For signal reception a circularly shaped surface coil (diameter = 5 cm) was positioned under the container. 3D turbo spin echo sequences were applied to achieve high spatial resolution and a sufficient signal to noise ratio in acceptable scan time (< 20 min). Scan parameters were: Field-of-View = 60 mm, scanning matrix = 256×256, slice thickness = 0.6 mm (zerofilling in z-direction), number of slices 32, echo spacing = 13.5 ms, half fourier technique (60-80% k-space). A turbo factor (TF) of 4 was used for T1 (TR/TE = 600/13) and "pseudo proton density" (PD) weighted sequences (TR/TE = 2000/20), and a TF of 10 for T2 weighted sequences (TR/TE = 2000/75).
After image acquisition the segment was cut in two half segments. One half segment was used for component-specific mechanical testing, the other half segment was analyzed histologically for matching with corresponding MR slices. For this purpose the "histological segment" was fixed in 4% buffered formaldehyde solution, decalcified with ethylene diamine tetraacetic acid (EDTA), embedded in paraffin, and serially sectioned at 0.6 mm intervals. Three micron thick sections were stained with Hematoxylin and Eosin or Elastica van Gieson.
Segmentation and Geometrical Modeling
Raw MR images were corrected for intensity non-uniformity utilizing the 'N3' method (Nonparametric Non-uniform intensity Normalization) [28] and noise-filtered using a "customized" anisotropic filter (edge/flat/gray filter [17] ). Segmentation is performed according to a scheme [11] , which distinguishes eight tissue components: adventitia, non-diseased media, diseased (fibrotic) media, non-diseased intima (intimal hyperplasia), fibrous cap, fibrotic intima at the abluminal border (fibrous "bottom"), lipid pool and calcification. Active contour models ("snakes"; for the underlying concepts and current applications in medical image processing see [27] ) were used for automatic detection of the outer boundary of the adventitia, the adventitia-media boundary, the media-intima boundary and the intima-lumen boundary. Since calcifications exhibited characteristic dark gray-levels they could be segmented via thresholding. For segmentation of the lipid pool, the fibrous cap, and the non-diseased intima, histological sections of the "histological half" were segmented manually by an histopathologist and matched with multi-phasic MR data. The resulting correlations were used for the segmentation of the intima of the entire vessel segment. Furthermore, histological analysis showed a higher amount of collagenous tissue in the portion of the media adjacent to the plaque. This portion, which differed also in mechanical behavior from the remaining (non-diseased) portion of the media, was labeled as "diseased media".
Based on the segmented MR images 3D geometrical models of the vessel were reconstructed. The component boundaries were described by means of "non-uniform rational B-splines" (NURBS) [23] , which provide analytical representations of the structural composition. NURBS are beneficial with respect to mesh refinements for subsequent finite element analyses.
Mechanical Testing and Physical Modeling
The second half segment intended for mechanical testing was dissected anatomically into its major components according to the segmentation scheme. From all soft tissue components two strips were cut out, one with axial and one with circumferential orientation. Strips underwent quasi-static (crosshead speed: 1 mm/min) and uni-axial extension tests in a tissue bath, whereas axial load and in-plane deformations were recorded continuously. Specimens were preconditioned with five successive loadingunloading cycles. Since calcifications and the lipid pool are inappropriate for the used type of mechanical tests they were excluded from testing. More details on the mechanical experiments and original experimental data are provided in [11, 12] .
Mathematical representation of the mechanical behaviors of the soft tissue components was based on a large-strain prototype model for fiber-reinforced composites operating in the large strain domain [10] . This physical model captures the characteristic nonlinear, anisotropic and incompressible behavior of soft vascular tissues. Material parameters, documented in [11] , were determined by fitting the model to the experimental data using the Levenberg-Marquardt algorithm. Calcifications were modeled numerically as nearly rigid bodies. The lipid pool was represented by an incompressible neo-Hookean model [9] with a shear modulus of 0.15 kPa, which was calculated from data of the literature [3] . Finally, each component of the geometrical vessel model was associated with an individual physical model [9] [10] [11] .
Numerical Modeling
The physical model was implemented into the finite element program ABAQUS V5.8 by means of the UEL programming interface. Since the tissue components were represented as (nearly) incompressible materials, a three-field variational principle was utilized [9] . The vessel segment investigated was discretized by 3828 eight-node isoparametric brick elements. More details on the nonlinear finite element methods used for the computational analysis may be found in [11] .
Computational Case Studies
Stress distributions in diseased arteries depend strongly on blood pressures, boundary conditions and material properties of their major tissue components. The present study focuses on factors that can be controlled by drug treatment. In particular, the following cases were investigated: For all computational cases the model vessel was axially stretched up to 4% in order to simulate the axial in situ prestretch. Furthermore, the model adventitia was additionally prestretched in axial direction up to 20%. This adventitial prestretch was observed during surgical dissection of the vessel components [26] .
While drug control is evident for blood pressure (item (i)), this is not so clear for the latter two factors. At least in experimental models it was demonstrated that compositional changes in plaques, which were observed during plaque regression in animal experiments, are associated with more than four-fold variations of the elastic shear modulus of model lipid pools [20] . Media stiffness variations were assumed to be ±25%. In vitro tests of dog iliac arteries showed that the circumferential wall stress is two times higher for norepinephrine-induced maximum vessel contraction than for zero vessel tone (passive state) provided that inflation pressure and vessel configuration remain unchanged [4] . Therefore it is unlikely that the assumed stiffness variation of ±25% is too large.
Results
Computational analyses provide information on the local multi-axial stress state at each position of the 3D multi-component lesion (Fig. 1) . Since autopsy studies have demonstrated that plaque disruptions are oriented mainly along the vessel axis [25] , and for the sake of clearness, results presented in this study were restricted to circumferential stresses. Note, however, that, in general, the tensile strength of materials depends on the entire multi-axial stress state. Stress distributions of the fibrous cap for the considered computational cases are plotted in Fig. 2 , and associated descriptive statistical values such as mean, standard deviation (SD), minimum (Min), and maximum (Max) are listed in Table 1 . There were clear changes of the circumferential stress distribution for MAP variations (Fig. 2a) , and for the variation of the media stiffness (Fig. 2c) . In contrast, stiffness variation of the lipid pool did not yield noticeable changes, as seen from Fig. 2b . The distributions of the intimal stresses were investigated in more detail and visualized using a Mercator projection (Fig. 3a) . This means that the intima was projected radially onto a cylindrical surface with respect to the vessel axis, which was then projected onto a plane. Accordingly, this type of plot shows the "unrolled" intima. The maximum circumferential stresses throughout the thickness of the non-diseased intima and the fibrous cap were plotted. Additionally, for the sake of clearness, the boundaries of the fibrous cap (dotted line), the lipid pool (dashed line), and the calcification (solid lines) were indicated.
In order to illustrate the effect of MAP variations on the stress concentration in the fibrous cap a safety margin was chosen to be about 230 kPa, which is about one third of the circumferential fracture stress measured for the fibrous cap 1 . In Fig. 3b the 230 kPa-stress contours were plotted for a MAP of 135 mmHg (thick dashed line) and 175 mmHg (thick solid line). For a MAP of 95 mmHg, stresses in the fibrous cap were smaller than 230 kPa, and thus there is no associated stress contour. Within the contours stresses exceed 230 kPa. In an analogous manner the results for the stiffness variation of the media were plotted in Fig. 3c . In contrast, results for the stiffness variation of the lipid pool were not plotted because the associated stress contours are (nearly) identical. 
Discussion
The proposed computational model seems to be the most advanced approach for arterial wall mechanics to date. In contrast to previous mechanical studies of diseased arteries, the current approach considers the 3D geometry of a real-life human plaque, considers the nonlinear mechanical behavior of eight distinct tissue components from the same individual lesion, and provides fully 3D mechanical analysis (Fig. 1) . The present computational model allows the study of the component-specific micro-mechanics of an individual diseased artery subject to various factors, such as blood pressure, geometry and material properties of tissue components etc. It is a valuable computational tool for the analysis of plaque stability and allows investigation of potential drug effects on the changes in the mechanical environment and the associated plaque stability (Figs. 2,3) . The computational results demonstrate that plaque stability assessment is a complex mechanical issue, which can hardly be reduced to investigations of simple two-dimensional geometrical features of plaque cross-sections.
Three-Dimensional Stability Assessment
The complex stress distribution in the intima for a reference MAP of 95 mmHg (Figs. 1 and 3a) is a result of the specific three-dimensional architecture and the nonlinear and anisotropic mechanical properties of the lesion structure. With this approach it is possible to study regions of stress concentrations, which indicate rupture-prone regions in the entire fibrous cap. Computational analyses of this particular atherosclerotic lesion indicate that remarkably, high stresses occur also in the non-diseased intima opposite to the plaque. The associated pathophysiological and clinical meaning have not yet been evaluated. Clearly, the 3D intimal stress pattern can not be anticipated by means of simple geometrical considerations and mechanical intuition. Obviously, also computational cross-sectional analysis fails to capture the complexity of the structure. This may be one of the essential reasons for the problems of earlier studies in determination of the actual rupture sites [25] .
MAP Variation
In addition to the investigation of a physiological reference situation, meaningful stability assessment should consider the influence of important clinical parameters such as blood pressure. Acute cardiovascular syndromes are triggered frequently by elevated blood pressure due to physical activity or emotional stress. The computational model allows detailed studies of the pressure-dependent stress shift towards higher values (Fig. 2a) . Information on the variation of stress distributions provides a basis for the assessment of the responsibility for the increase of pressure-induced stresses, and at which pressure level alarming stresses occur. This type of information may help to characterize more precisely the "vulnerability" of a lesion. Additionally, appropriate visualization allows a direct identification of regions at risk. For example, the encircled regions of Fig. 3b indicate zones, where local stresses exceed a stress "safety margin" of 230 kPa for transmural pressures of 135 mmHg (thick dashed line) and 175 mmHg (thick solid line). Since the safety margin was chosen to be about one third of the circumferential fracture stress measured for the fibrous cap, the areas of these regions are measures for the risk of plaque fracture and may be used as a vulnerability index, i.e. a single-valued measure of plaque stability.
Variation of the Lipid Pool Stiffness
A particular feature of the computational approach over pure morphological approaches is the possibility to estimate the potential effects of drugs on plaque stability. Lipid lowering by statins reduces significantly the risk of coronary and cerebral events without noticeable plaque regression. It was hypothesized that this effect is based on lipid pool stiffening caused by a transformation of soft cholesterol esters to hard monohydrates [20] .
The present mechanical analysis shows that lipid pool stiffening (and weakening) exerts only marginal effects on the stress distribution in the fibrous cap, and hence on plaque stability (Fig. 2b) . As supposed in [20] , the reason for this is that the surrounding tissues are much stiffer than the lipid pool, so that even a four-fold variation of its stiffness does not affect noticeably the load distribution. Hence, plaque stabilizing effects of lipid lowering therapies may be based on transformations of lipid pools to fibrous or calcified tissue, reduction of the lipid pool size, and on other mechanisms rather than on changes of the lipid composition [7, 14, 31] . The proposed computational approach may be helpful in evaluating the rationales of drug treatment and the underlying pathophysiological concepts.
Variation of the Media Stiffness
Another result of the present work concerning drug effects is that the media stiffness, which can be decreased by vasodilators, has a strong influence on the stress distribution in the intima. Computational analyses of this particular atherosclerotic lesion show that a softer media results in a stress increase in the fibrous cap (Fig. 2c) and a marked enlargement of the "unsafe area" (Fig. 3c) , where stresses exceed the safety margin of 230 kPa.
Hence, the results based on the specific atherosclerotic lesion suggest that a decrease of the media stiffness causes higher stresses in the intima. Actually, there are many reports on ischemic syndromes triggered by various vasodilators (see, for example, [2, 24] ). Frequently, these syndromes were attributed to paradox vasoconstriction and steal syndromes. However, for many cases these explanations are not convincing. For the specific investigated atherosclerotic lesion the results suggest that the use of a vasodilator may lead to a higher risk of plaque disruption due to a mechanical load shift from a softened media to an unstable fibrous cap. In particular, high single doses, which occur in myocardial stress testing [24] and intoxication [2] , may destabilize plaques because in these situations there is no time for adaptive remodeling. In addition, vasoconstriction is frequently observed in ruptured lesions and, thus, is suspected to be a triggering factor for plaque disruption [1] . However, the mechanical analysis shows that medial stiffening due to increased vascular tone leads to stress relief in the fibrous cap (Figs. 2c and 3c) .
A conclusive implication of this study is that plaque stability can not be reduced to an intimal problem. Stress distributions are strongly influenced by non-intimal components, and hence suitable modeling of non-intimal and intimal components is equally important.
In Vivo Application
The proposed in vitro approach serves as a promising basis for improvements of diagnosis and treatment of unstable plaques. Yet, the visionary goal of realistic atherosclerotic lesion modeling is stability analysis for an individual patient's vessel site and subsequent determination of optimal drug treatment tailored for that particular patient. Transfer of the current in vitro methodology to a clinical setting requires two essential prerequisites: (i) in vivo plaque imaging methods, which allow distinction of major tissue components, and (ii) determination of the associated mechanical properties. Several research groups have demonstrated that MR-based plaque/wall-imaging is feasible also for in vivo situations [6, 21, 29, 31] , although, particularly for coronary arteries, spatial resolution and reliability of tissue characterization need to be improved for meaningful stress-strain analysis. Alternatively, invasive methods such as intravascular ultrasound [8] and yet investigational methods such as optical coherence tomography [16] could be used. Hence, there is much promise that in future morphological data of diseased vessels will be available directly from diagnostic facilities. In vivo determination of mechanical properties of vascular tissue components is a challenging problem, which has yet to be solved in a satisfactory way. Existing techniques are based on MR methods [30] and ultrasonic methods [18] .
In summary: considering the rapid developments in bioengineering, in vivo plaque stability assessment based on component-specific mechanical analysis may be helpful in better characterizing patient-specific clinical situations more reliably.
Study Limitations
The present work is a method-oriented study, which does not investigate hypotheses on a statistical basis. One may argue that the results shown for one artery are highly individual and not representative for atherosclerotic lesions, in general. This is correct, however, this is also the strength of the proposed computational methodology in that it allows individual analyses. The prospect of this work is the individual diagnosis of patients with unstable plaques and the individual assessment of the potential effects of drug treatment.
For the present study an iliac artery was used, although acute ischemic syndromes following plaque fracture seem to be predominately a coronary problem. Iliac arteries, however, are more available and due to their size more convenient for preparations than coronary arteries. Basically, the proposed methodology can be also applied to coronary arteries at least for the major segments.
The proposed model considers quasi-static mechanical properties, i.e. average stress states are associated with MAP. No frequency-dependent dynamical effects were considered. Dynamical simulations require additional experimental data on the elastic frequency-dependent tissue response. In vitro measurements of non-diseased iliac arteries from aged human cadavers show that the incremental dynamical modulus is 30-40% higher than the corresponding static modulus [22] . For diseased arteries, which are less distensible, the differences between dynamic and static behaviors are supposed to be even smaller, so that static solutions may approximate dynamic stress results.
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In Memoriam
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